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ABSTRACT 
 

Proteomic analysis of jejunum and ileum in rats exposed to acute or 

chronic fluoride dose. 

 

The gastrointestinal tract (GIT) is considered the main route of exposure to 

fluoride (F), which is rapidly absorbed from it. Exposure to this ion can generate 

considerable changes in the morphology of the intestine, which can affect its functions, 

leading to gastrointestinal symptoms that represent the first signs of F toxicity. In 

previous studies performed by our research group, it was observed that exposure to F 

interferes significantly in the expression of several proteins in the duodenum. Due to 

the distinct anatomical, histological and physiological characteristics found among the 

different distinct segments of the small intestine, the present study aimed to evaluate 

the effect of acute or chronic exposure to F on the proteomic profile of the jejunum and 

the ileum of rats. Male 60-day-old Wistar rats were treated for 30 days with chronic 

doses of 0 mgF/L, 10 mgF/L or 50 mgF/L. The acute dose of F (25 mg/Kg body weight) 

or deionized water (control) was administered once by gastric gavage. After the 

experimental periods, the jejunum and the ileum were collected. Proteomic analysis of 

both segments was performed using the nanoACQUITY UPLC-Xevo QTof MS system 

(Waters, Manchester, UK), in order to better understand the mechanisms involved in 

acute or chronic F toxicity, which led to the morphological changes observed in our 

previous studies. The difference in expression between the groups was obtained using 

the PLGS software, considering p<0.05 and 1-p>0.95 for the for the down and 

upregulated proteins, respectively. Under acute exposure to F, most of the proteins 

with altered expression were upregulated in the group 25 mg/Kg F vs. Control. Our 

results, when analyzed together (jejunum and ileum), suggest that the gastrointestinal 

symptoms found in these cases may be related to inhibition of protein synthesis by 

exposure to a high dose of F, such as changes in proteins that regulate the 

cytoskeleton and energy metabolism, mainly in carbohydrate metabolism. Under 

chronic exposure to F, most of the proteins with altered expression were upregulated 

in the group 10 mgF/L vs. control and in the comparison 50 mgF/L vs. control. In the 

jejunum, there were  changes  in  the  abundance  of  several  proteins  correlated  with 

  



 

  



 

 

protein synthesis, glucose homeostasis, energy metabolism and neural functions. 

Moreover, in the ileum, a decrease in gastrotropin was found, which may be associated 

with diarrhea, a common symptom found in cases of F toxicity. In addition, changes in 

different myosin isoforms were observed, which might have contributed to the 

structural alterations found in the histological analysis previously performed. In 

conclusion, acute exposure to F mostly downregulates several proteins, with emphasis 

on partners involved in protein synthesis, cytoskeleton and energy metabolism, which 

might help explain the gastrointestinal symptons found in cases of acute exposure to 

this ion. Distinctly from which was observed for the acute treatment, under chronic 

treatment with both F concentrations an increase in the expression of proteins was 

observed, which might indicate an adaptation of the body, in attempt to fight the 

deleterious effects of this ion. 
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RESUMO 
 

Análise proteômica do jejuno e íleo em ratos expostos a dose aguda ou 
crônica de fluoreto. 

 
O trato gastrointestinal (TGI) é considerado a principal via de exposição ao 

fluoreto (F), que é rapidamente absorvido por ele. A exposição a esse íon pode gerar 

alterações consideráveis na morfologia do intestino, o que pode afetar suas funções, 

levando a sintomas gastrointestinais que representam os primeiros sinais de 

toxicidade do F. Em estudos anteriores realizados pelo nosso grupo de pesquisa, 

observou-se que a exposição ao F interfere significativamente na expressão de várias 

proteínas no duodeno. Devido às distintas características anatômicas, histológicas e 

fisiológicas encontradas entre os diferentes segmentos do intestino delgado, o 

presente estudo teve como objetivo avaliar o efeito da exposição aguda ou crônica a 

F no perfil proteômico do jejuno e íleo de ratos. Ratos Wistar machos de 60 dias de 

idade foram tratados por 30 dias com doses crônicas de 0 mgF/L, 10 mgF/L ou 50 

mgF/L. A dose aguda de F (25 mg/kg de peso corporal) ou água deionizada (controle), 

foram administradas uma única vez, por gavagem gástrica. Após os períodos 

experimentais, o jejuno e o íleo foram coletados. A análise proteômica de ambos os 

segmentos foi realizada com o sistema nanoACQUITY UPLC-Xevo QTof MS (Waters, 

Manchester, Reino Unido), a fim de melhor compreender os mecanismos envolvidos 

na toxicidade aguda ou crônica da F, o que levou às alterações morfológicas 

observadas em nossos estudos anteriores. A diferença de expressão entre os grupos 

foi obtida no software PLGS, considerando p <0.05 e 1-p> 0.95 para as proteínas sub 

e supraregulada, respectivamente. Sob exposição aguda a F, a maioria das proteínas 

com expressão alterada foi aumentada no grupo 25 mg/Kg F vs. Controle. Nossos 

resultados, quando analisados em conjunto (jejuno e íleo), sugerem que os sintomas 

gastrointestinais encontrados nesses casos podem estar relacionados à inibição da 

síntese de proteínas pela exposição a uma alta dose de F, como alterações nas 

proteínas que regulam o citoesqueleto e o metabolismo energético, principalmente no 

metabolismo de carboidratos. Sob exposição crônica a F, a maioria das proteínas com 

expressão alterada foi aumentada no grupo 10 mgF/L vs. controle e na comparação 

50 mgF/L vs. controle. No jejuno, houve alterações na abundância de várias proteínas 

correlacionadas  com  a  síntese  de  proteínas,  homeostase  da  glicose,  metabolismo 

  



 

 

 

  



 

 

energético e funções neurais. Além disso, no íleo, foi encontrada uma diminuição da 

gastrotropina, que pode estar associada à diarreia, sintoma comum encontrado nos 

casos de toxicidade por F. Em adição, foram observadas alterações nas diferentes 

isoformas da miosina, o que pode ter contribuído para as alterações estruturais 

encontradas na análise histológica realizada anteriormente. Em conclusão, a 

exposição aguda ao F na maioria das vezes regula negativamente várias proteínas, 

com ênfase nos parceiros envolvidos na síntese de proteínas, no citoesqueleto e no 

metabolismo energético, o que pode ajudar a explicar os sintomas gastrointestinais 

encontrados nos casos de exposição aguda a esse íon. Distintamente do que foi 

observado no tratamento agudo, no tratamento crônico com ambas as concentrações 

de F foi observado um aumento na expressão de proteínas, o que pode indicar uma 

adaptação do corpo, na tentativa de combater os efeitos deletérios desse íon. 
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1 INTRODUCTION 

 

Fluorine is the thirteenth most abundant element in the earth's crust 

(SHANTHAKUMARI; SRINIVASALU; SUBRAMANIAN, 2004). It the form of is 

negatively charged ion, called fluoride (F), it is important for many physiological cellular 

processes in the organism (YAN et al., 2011). F is present in biological fluids and 

tissues as a trace element and 99% of the F in the organism is accumulated in the hard 

tissues. F can also be artificially added to the drinking water and fluoridated dental 

products, which together are the main source of F for human consumption (BUZALAF, 

2018; BUZALAF; WHITFORD, 2011).  

Because of its widely known ability to control dental caries, since the 1940´s 

many cities worldwide have adopted artificial fluoridation of drinking water as a 

standard public health policy (IHEOZOR-EJIOFOR et al., 2015). In Brazil, since 1974, 

artificial fluoridation of water from public supply is mandatory in cities where there is 

water treatment station and this is regulated by law (Brazil, Ministry of Health, Decree 

nº76872, 1975; Brazil, Ministry of Health, Federal Law Nº. 6050.1974)(BRASIL, 1974; 

1976). However, since F is an element naturally found in water, in some cities the 

concentration naturally found is above the recommended limits (0.7 – 1.2 mgF/L), 

which can cause deleterious effects (WHITFORD, 1996). Among these effects, the 

most known is fluorosis, which can be dental (DENBESTEN; LI, 2011) or skeletal 

(KRISHNAMACHARI, 1986). A plethora of experimental studies attest that, when F is 

administered to animals in high doses, distinct alterations in different tissues affecting 

diverse proteins and enzymes are found (ARAUJO et al., 2019; BARBIER; ARREOLA-

MENDOZA; DEL RAZO, 2010; CARVALHO et al., 2013; KOBAYASHI et al., 2014; 

KOBAYASHI et al., 2009; LIMA LEITE et al., 2014; LOBO et al., 2015; PEREIRA et 

al., 2018; PEREIRA et al., 2016; PEREIRA et al., 2013; STRUNECKA et al., 2007). 

Among these tissues, morphological and proteomic changes were found in the jejunum 

(DIONIZIO et al., 2018) and duodenum (MELO et al., 2017) of rats. This is expected, 

since most of the F is absorbed from the small intestine (NOPAKUN; MESSER, 1990; 

NOPAKUN; MESSER; VOLLER, 1989) . 

Several researches with different designs (in vitro laboratory studies and in vivo 

animal and human studies) have shown that F has a toxic effect, which is related to 

the amount and timing of exposure (BARBIER; ARREOLA-MENDOZA; DEL RAZO, 
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2010; PEREIRA et al., 2018). This effect can be classified as acute or chronic (for 

review see (DENBESTEN; LI, 2011; WHITFORD, 1992; 2011). 

Acute toxicity occurs by ingesting a large amount of F at a single time. The signs 

and symptoms related to this type of intoxication are vomiting with blood, diarrhea, 

bronchospasm, ventricular fibrillation, dilated pupils, hemoptysis, cramps, cardiac 

collapse, hypercalcemia, hypocalcemia and impaired renal function. In the literature, 

we found both accidental and intentional cases of acute F toxicity (WHITFORD, 1992; 

2011).  

Chronic toxicity occurs when above-the-optimal F concentrations are ingested  

over a certain period of time (DENBESTEN; LI, 2011). The main sources of chronic F 

intake are water and dentifrice. Despite daily ingestion of F in the range between 0.05 

and 0.07 mg/kg body weight/ day is still recognized as the optimal level of F intake, the 

precise level of daily F intake able to control caries and that is not associated with 

increased risk of dental fluorosis is not known so far (BUZALAF, 2018).  

After ingestion, F can cross the cell membranes mainly by diffusion of its weak 

acid (HF) (BUZALAF; WHITFORD, 2011), causing adverse effects by invading soft 

tissues such as brain, liver, intestine, heart and lung, with several structural and 

metabolic changes being observed after its excessive administration (BARBIER; 

ARREOLA-MENDOZA; DEL RAZO, 2010; CHOUHAN; FLORA, 2008) 

(INKIELEWICZ-STEPNIAK; CZARNOWSKI, 2010). In general, it is recognized that the 

toxic effects of F are due mainly to enzymatic inhibition, destruction of collagen, 

paralysis of activities of the immune system and damage to the gastrointestinal tract 

(GIT) (CHOUHAN; FLORA, 2008). 

Being the main route of F absorption, the GIT can be exposed to high 

concentrations of F daily (BUZALAF; WHITFORD, 2011), which and can lead to 

considerable changes in the morphology of the intestine, which in turn affects its 

functions (CHAUHAN; OJHA; MAHMOOD, 2011; DIONIZIO et al., 2018; MELO et al., 

2017). Moreover, the complex functions of the GIT, which include mixing and 

spreading food, providing digestive enzymes, reabsorption and secretion, as well as 

maintaining adequate blood flow levels, depend on intense coordination of autonomic 

neuronal networks (COOKE, 2000; FURNESS et al., 1995). These networks are 

embedded in the walls of the intestine and are formed by the interconnection of 

ganglionic and aganglionic plexuses and also over a highly sophisticated network of 
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polysynaptic circuits (FURNESS et al., 2004), this large set being called Enteric 

Nervous System (ENS) (SCHAFER; VAN GINNEKEN; COPRAY, 2009). 

In a recent study, our research group evaluated the effect of acute or chronic 

exposure to F, on the general population of enteric neurons and on the subpopulations 

that express the main enteric neurotransmitters in the duodenum, jejunum and ileum. 

Relevant changes were found (MELO, 2015; MELO et al., 2017). This study also 

reported important proteomic alterations in the duodenum of rats treated with F. Among 

them are: 1) F, when chronically administered in the dose of 10 mg/L through the 

drinking water, altered the expression of 229 proteins, among which most where 

upregulated when compared to the control group (deionized water), being the “pyridine 

metabolism” the most affected biological process (MELO et al., 2017); 2) F altered the 

expression of 284 proteins after chronic exposure to water containing  50 mgF/L when 

compared with control, being “protein polymerization” the mostly affected biological 

process  (MELO et al., 2017); 3) After acute administration of F in the dose of 25 mg/kg 

(gastric gavage), F altered the expression of 356 proteins with the vast majority of 

these proteins having their expression downregulated and the mostly affected 

biological process was “generation of precursors and energy” (MELO, 2015). It is 

important to highlight that both under acute and chronic F exposure, the effect of F in 

the duodenum was much more pronounced  than that observed in proteomic studies 

conducted with other organs, such as kidneys (DE CARVALHO et al., 2013; 

KOBAYASHI et al., 2009; XU et al., 2005), brain (GE et al., 2011; NIU et al., 2014) and 

liver  (ARAUJO et al., 2019; DIONIZIO et al., 2019; KHAN et al., 2019; PEREIRA et 

al., 2018; PEREIRA et al., 2013), even with similar doses of F. The most probable 

reason for the higher susceptibility of the duodenum to the effects of  F,  when 

compared to the other organs, lies on the fact that 70-75% of the absorption of F occurs 

in the small intestine (NOPAKUN; MESSER, 1990; NOPAKUN; MESSER; VOLLER, 

1989). Consequently, when a certain dose of F is ingested, the cells in the intestinal 

wall are exposed to a higher concentration of F than the cells of the other organs, which 

will come into contact only with the F that is absorbed (BUZALAF; WHITFORD, 2011). 

Due to the distinct anatomical, histological and physiological characteristics 

found among the different distinct segments of the small intestine (GUYTON; HALL, 

2015) and considering the important changes observed in the general population of 

neurons in the jejunum and ileum and in subpopulations that express the main enteric 

neurotransmitters in our previous study (MELO, 2015), it is extremely important to 
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perform proteomic analysis of these two intestinal segments, in order to obtain 

information about the possible mechanisms involved in the alteration of the ENS by 

exposure to F, which may explain the gastrointestinal symptoms caused by this 

exposure. 

 

 

1.1 OBJECTIVES 

 

The general aim of this study was to investigate the effect of acute or chronic 

exposure to F on the protein expression profile of the jejunum and ileum of rats, using 

proteomic analyses. Moreover, protemics findings were associated with the 

morphological alterations in the SNE performed in a previous study (Melo et al. 2015), 

in order to provide mechanistic rationale to explain the gastrointestinal symptoms 

caused by F. 
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ANEXO A – APROVAÇÃO PELO COMITE DE ÉTICA 
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ANEXO B -  CARTA DE DOAÇÃO DAS PEÇAS ANATÔMICAS 
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ANEXO C – ARTIGO PUBLICADO SCIENTIFIC REPORTS (ARTIGO 1) 
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ANEXO D – ARTIGO PUBLICADO SCIENCE OF THE TOTAL ENVIRONMENT 
(ARTIGO 3) 

 



158  Annex 

 



Annex  159 

 



160  Annex 

 



Annex  161 

 



162  Annex 

 



Annex  163 

 



164  Annex 

 

 

 




